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PURPCSE

TO SHOW THE FATE AND FINAL DESTINATION POINTS
OF SPILLED OIL AND THEREBY ALLOWAN ASSESSMENT
OF THE THREAT THE OIL POSES TO MARINE ORGANISMS,



QUESTI ONS

GIVEN A NUMBER OF DIFFERENT OIL SPILL SCENARIOS:

HHAT PERCENTAGE oF OIL spiLL Ep unDER 1CE REMAINS
THERE AND HOW LONG?

WHAT 1s tHE NaTure oF o1L wOveEMENT AND DiSPersion
IN AND UNDER THE ICE, INCLUDING THE HORIZONTAL
TRANSPORT UNDER ICE OF VARIOUS ROUGHNESSES DUE
TO THE ACTION OF OCEAN CURRENTS, AND THE VERTICAL
TRANSPORT THROUGH THE BRINE CHANNELS OF FIRST
YEAR AND MULTI-YEAR ICE?

.How DOES oIL OF DIFFERENT VISCOSITIES RESPOND TO
THESE VARIOUS DISPERSION PROCESSES?

* WHAT 1Is THE BULK TRANSpORT OF splILLED OIL BY
SEA ICE OF DIFFERENT SURFACE COVERAGE CONCENTRATIONS?

“ Fk)VV MUCH OF THE SPILLED OIL GETS INCORPORATED IN
PRESSURE RIDGES?



OVERALL PROGRAM TASKS

TASK 1- ARCTEC, INCORPORATED (RESEARCH UNIT 568)

TO DETERMINE BY FIELD AND LABORATORY EXPERIMENTS THE
PHYSICAL PROCESSES BY WHICH SPILLED OIL GETS INCOR
PORATED IN AND TRANSPORTED UNDER SEA ICE.

TASK 2- Frow ResearcH Company (ResEARCH UNIT 567)

TO DETERMINE BY NUMERICAL MODELING THE ICE VELOCITY
FIELD AND THE DEFORMATION OF SEA ICE ON THE CONTINENTAL
SHELVES OF THE BeAurForT AND CHUKCHI Seas so THAT oiL
SPILL TRAJECTORIES CAN BE DEDUCED FOR DIFFERENT ICE
CONDITIONS UNDER MEAN CLIMATOLOGICAL CONDITIONS AND
EXTREME EVENTS, INCLUDING A MAJOR SEA ICE OUTBREAK

rrov THE CHUKCHI Sea 7o THE BERING SEA.

TASK 3 - FLow REsearcH CoOMPANY

TO DETERMINE BY COMBINING THE ABOVE WORK THE SEQUENCE
OF EVENTS, LIKELY TRAJECTORIES, AND DESTINATION POINTS
FOR OIL SPILLED IN SEVERAL HYPOTHETICAL SCENARIOS IN
THE PRUDHOE BAy AREA,



SUBTASKS OF TAXK 1

Sustask 1.1 - TO DETERMINE HOW AND AT WHAT RATES OIL
MOVES UPWARD THROUGH MULTI-YEAR ICE
TO THE SURFACE,

Sustask 1.2 - To DETERMINE HOW AND AT WHAT RATES OIL
GETS [INCORPORATED INTO PRESSURE RIDGES
FORMED FROM ICE OF VARIOUS THICKNESSES,

Sustask 1,3 - To DETERMINE HOW OIL OF DIFFERENTVIS-
COSITIES SPREADS AND IS MOVED BY OCEAN
CURRENTS UNDER SEA ICE WITH DIFFERENT
UNDERSIDE ROUGHNESS CHARACTERISTICS!




HORI ZONTAL TRANSPCRT UNDER | CE

ProBLEM STATED IN TErRMs OF:

.SMOOTH ICE

.UnpuLAaTiINGg ICE

.RouGH 1CE

.BROKEN I1CE FIELDS

* RAFTED ICE

.HummocCKs

.UNCONSOLIDATED PRESSURE RIDGES
.CONSOLIDATED PRESSURE RIDGES
.LEADS

“ JCE EDGES

ProBLEM ADDRESSED IN Tervws OF:

.SMOOTH ICE

.SwMALL ROUGHNESS ELEMENTS

.CONSOLIDATED LARGE ROUGHNESS ELEMENTS
.UNCONSOLIDATED LARGE ROUGHNESS ELEMENTS
. HAKES

.CAVITIES



SLICK TH CKNESS

LINEAR EMPIRICAL RELATIONSHIP BETWEEN STATIC
EQUILIBRIUM OIL SLICK THICKNESS BENEATH SMOOTH

ICE AND THE WATER - OIL DENSITY DIFFERENCE:

§ = 1.67 -8.50 (%}— po)
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SMXOTH | CE

A BASE CASE FOR THE LABORATORY STUDIES, NOT A FIELD SITUATION

® THRESHOI-_.D VELoCITY

EMPIRICAL RELATIONSHIP BETWEEN THRESHOLD VELOCITY 1N CM/SEC
AND OIL VISCOSITY IN POISE WAS FOUND TO BE:

_305.79
Uth = 8768 - W

.Srick VELocITY

TV\:O STEP LINEAR RELATIONSHIP BETWEEN SLICK VELOCITY AND CURRENT VELOCITY
APPROXIMATED FOR ALL OILS TESTED BY:

u =0.15 ¥ - 0.60 for v < 18 cm/sec
S w w

u = U -15.6 for v, > 18 cm/sec
S w w
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SMALL ROUGHNESS

.RouGHNEss AMPLITUDE LESS THAN EQUILIBRIUM SLICK THICKNESS,

“ EVEN A SLIGHT AMOUNT OF UNDER-ICE ROUGHNESS CAUSED A
SUBSTANTIAL INCREASE IN THE THRESHOLD VELOCITY OF AN

UNDER-ICE OIL SLICK:

SLICK THRESHOLD VELQCITY,  Ci/SeC

MM AMPL, ON CM AMPL. ON
SMOOTH CM SPACING CM SPACING

0. 4 AL 4 12 22

i, 5H Q'L [ 16 25

.A  GENERALIZED SLICK VELOCITY RELATION DEVELOPED FOR SMOOTH
ICE AND SMALL ROUGHNESS ICE IS:

g

U 2
1 - =& = K
U 0.115 F6‘+].]05

WHERE:
Y
Fg = vVhg§
A:Ew__-:_._pﬂ
P

K~ AMPLIFICATION FACTOR FOR THE OIL-ICE FRICTION
FACTOR (EQuUALS 1 ForR smooTH ICE, >1 FOR sMALL

ROUGHNESS ICE)



Threshold Ve/oci'l:y, Utp» cm/sec
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LARGE  ROUGH\ESS

.ROUGHNESS AMPLITUDE GREATER THAN EQUILIBRIUM SLICK THICKNESS

FRONTAL TRAPPING 0F O L

« POTENTIAL OF TOTALLY RESTRAINING AN ADVANCING SLICK UP TO SOME

CRITICAL VALUE OF CURRENT VELOCITY,

+ CONFINED SLICK HAS THREE DISTINCT REGIONS:

1. HEAD REGION
2S NECK REGION
3. TAIL REGION

s TWO CONTAINMENT FAILURE, OR RELEASE, MECHANISMS:

1. TAIL LEAKAGE DUE TO FILLING BEYOND EQUILIBRIUM
VOLUME DICTATED BY THE FLOW CONDITIONS:

U2
n + w 2
VAl ( 4Ag) (4Agz) {(n® - T )
2 fSUlJ dAg

WHERE
v’ VOLUME CONTAINED PER UNIT WIDTH FOR THE DEEP

$
WATER CASE 7 <0.01
fg¢ = SLICK-WATER INTERFACIAL FRICTION FACTOR ~0.03
N = ROUGHNESS HEIGHT

2, TOTAL FLUSHING FROM THE HEAD REGION AT A CRITICAL
CURRENT VELOCITY FOR AN OIL OF GIVEN DENSITY IN
DEEP WATER:

- 1.502 {20 %
¥ : Y (0, 9 (p,-0,))

o

1/2]. 1/ 2
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Failure Velocity, Up, cm/sec
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LARGE  ROUGH\ESS
WAKE TRAPPING OF OIL

.BELOW FRONTAL FLUSHING VELOCITY, SMALL CONTAINMENT
CAPACITY AT EQUILIBRIUM SLICK THICKNESS OVER ABOUT
70% OF WAKE LENGTH, CONTAINED VOLUME PER UNIT WIDTH
FOR ROUGHNESS HEIGHT n IS GIVEN BY:

WHERE

Cp = 1,98 FOR FLAT FENCE
-1.55 FOR TRIANGULAR SHAPE,

.ABOVE FRONTAL FLUSHING VELOCITY, OIL CONTAINED IN A
WAKE REGION CLEARS IN A TIME PERIOD OF MINUTES TO HOURS,
THEREFORE, LONG TERM CONTAINMENT CAPACITY 1S NIL,
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LARGE ROUGHHESS
UNCONSCLI DATED (PCROUS) . GBSTRUCTI ONS

* NO FRONTAL TRAPPING ~MIGRATION INTO PORES AND
UP ON THE ICE SURFACE OR THROUGH THE OBSTRUCTION
TO THE DOWNSTREAM SIDE,

* BEHAVIOR IN WAKE REGION QUALITATIVELY SIMILAR
TO THE CONSOLIDATED OBSTRUCTION CASE.



LARGE  ROUGHNESS
CAVITY TRAPPI NG oF 01 L

.OIL CONTAINED IN A CAVITY OF LENGTH A 1S CHARACTERIZED
BY TWO ZONES, A VORTEX ZONE AND A SHEAR ZONE.

.THE EXISTENCE OF A CAVITY, AS OPPOSED TO SEPARATE FRONTAL
AND WAKE TRAPPING, REQUIRES THAT:

1. CaviTY DEPTH BE GREATER THAN THE VORTEX
ZONE OFFSET,

2. CAVITY LENGTH BE LESS THAN THE CALCULATED

LENGTH OF THE VORTEX ZONE PLUS THE SHEAR
ZONE ,

.For A cAviTYy, CONTAINMENT IN THE VORTEX ZONE IS CON-
TROLLED BY ITS LENGTH, GIVEN EMPIRICALLY BY:

AND AN OFFSET CAUSED BY VORTEX SHEDDING FROM THE TIP OF
THE UPSTREAM ROUGHNESS ELEMENT GIVEN BY:

2

U
w

€7 186 Ag

YIELDING A CONTAINED VOLUME PER UNIT WIDTH WHICH IS A
FUNCTION OF VELOCITY IN THE VORTEX ZONE OF:

v, " {n - €)



.FOR A CAVITY, CONTAINMENT IN THE SHEAR ZONE, ALSO VELOCITY

DEPENDENT, IS OBTAINED BY EXTENDING A PARABOLIC OIL-WATER
INTERFACE FROM THE END OF THE VORTEX ZONE TO AN INTER-
SECTION WITH THE DOWNSTREAM ROUGHNESS ELEMENT, Txe

CONTAINED THICKNESS AT THE TAIL 1S GIVEN BY:
(x -2) Ff. U ? 2

Sy sq = £ Y 4 (n- %)

tail dArg 2

YIELDING AN APPROXIMATE CONTAINED VOLUME PER UNIT WIDTH

IN THE SHEAR ZONE OF:

- Stain




SHEAR ZONE VORTEX ZONE

FLow

Generalized Descriptiornn of Orl Conlarrned in an fce
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Equation

Equation

Equation

Equation

Equation

Equation

Equation

Equation

Equation

Equation

10

8eq 1+67 - 8.50 (0 - o)

US _ X
(1 - 5°F = (0.T15F3—~—1.105)
w
U2
W
1.86Ag

£ ] =
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Xshear ~ %A%T (n* - (n - %')2)

Sosa * (n -~ =
€)+ tai 1l 2n 2)(>\_1)

v: " 1(n -

(- yru £ o
where stail - Iig + (n - §.)

- 2‘1
s _ =Vn ) (A U;@%ﬂ
stagnation 40g
U2

+ -2y ap 2 _ W

oo 2 Ing) (34 (0 - 3
s w
\

v' =

6 CDn Geq



LIST OF VARIABLES

oD roughness form drag coefficient

u
W

F. .

S /Ags
f - oil water interracial friction factor
g - gravity constant

K ~ ice friction amplification factor

Ufaﬂ - current speed for containment failure
U_ - slick speed
U. - current speed
©¥' - approximate volume of trapped oil per unit width

shear - length of the shear dominated portion of the slick

o ~ oil-water-ice contact angle



§ - local slick thickness

$ . . thickness of slick In a cavity at the end of the
stagnation vortex zone
Geq - equilibrium 0i] slick thickness
Gtail - thickness of contained slick at the downstream wall

€ - vortex zone offset into a cavity
n - ice roughness height or cavity depth

1 - vortex cell length

A - cavity length

p_ - density of oil

p,. - density of water

a -~ interracial tension between 0il and water



VERTI CAL  MIGRATION

FirsT YEAR ICE

.LimiTen F1eLd work By MARTIN AND LABORATORY WORK BY
ARCTEC CAMNADA SUGGESTS THAT OIL TRAPPED BENEATH OR
WITHIN FIRST YEAR SEA ICE WILL FLOW TO THE SURFACE AT
A RATE OF 0,07 cM/SEC WHEN THE MINIMUM INTERIOR ICE
TEMPERATURE INCREASES TO -4°C.

.THEORY PREDICTS THE CRITICAL BRINE CHANNEL DIAMETER
FOR INCEPTION OF VERTICAL MIGRATION 1S GIVEN BY:

d . bo cosa
Inception § (p, - p_)g

.THEORY PREDICTS THE VERTICAL MIGRATION RATE IS
GIVEN BY:

(p o )g 6

az,w
32Luo

MULTI Year 1Ice

.LiviTep stupies By MARTIN ano EnvironmenT CANADA
INDICATE NO VERTICAL MIGRATION; THE ICE HAS TO MELT
DOWN TO THE OIL.



RECOMFIEDATIONS FOR FURTHER O L-1CE | NTERACTI ON
RESEARCH FCR BEAUFCRT SEA APPLI CATI ONS

INVESTIGATE THE CONTAINMENT CHARACTERISTICS oF LARGE
FREQUENCY, SMALL AMPLITUDE Sinusoidal ROUGHNESS,

. I NVESTIGATE THE EFFECT OF IRREGULAR ROUGHNESS,

.FURTHER DEFINE THE |INCEPTION AND RELEASE RATE oOF OIL

THROUGH VERTICAL MIGRATION FOR BOTH LEVEL AND HUMMOCKED
ICE IN TERMS OF OIL PROPERTIES AND ICE CONDITIONS,

.DEFINE CONTAINMENT CAPACITY FOR LONG, DEEP CAVITIES, “

“ REFINE LENGTH, DEPTH, AND OIL PROPERTY DEPENDENCE OF THE
CAVITY VORTEX REGION.

* VERIFY APPLICABILITY OF LABORATORY—BASED SPILL BEHAVIOR
PREDICTIONS THROUGH A DEDICATED FIELD TEST PROGRAM OR
THROUGH STUDIES OF SPILLS OF OPPORTUNITY,



RECOMMENDATIONS FOR OIL- ICE INTERACTIOW
RESEARCH FCR BERING SEA APPLI CATI ONS

.INVESTIGATE THE CONTAINMENT AND TRANSPORT OF OIL
IN BROKEN ICE FIELDS,

“ INVESTIGATE THE BEHAVIOR OF OIL BENEATH ICE AT HIGHER
CURRENT VELOCITIES,

.INVESTIGATE THE INTERACTION OF OIL WITH NEWLY FORMING

ICE,

.INVESTIGATE THE EFFECT oF ICE Ebp GEs oN THE BEHAVIOR
OF SPILLED OIL,



